Objectives. The objective of this study was to investigate the influence on the upper airway of the size ratio of tongue and mandible (T/M ratio) with 3D reconstructed models from computed tomography (CT) data. Study design. The subjects were 40 OSA male patients. The age of the patients ranged from 25 to 77 years, with an average age of 52.6 Ϯ 12.5 years. The body mass index (BMI) of the patients ranged from 20.1 to 35.8 kg/m 2 , with an average BMI of 25.4 Ϯ 3.4 kg/m 2 . All patients underwent a full-night polysomnography. The mean AHI for our subjects was 23.6 Ϯ 18.3 events per hour. CT imaging examinations were carried out in each patient. The mandible and airway volume (between posterior nasal spine [PNS] and the tip of the epiglottis) were segmented based on Hounsfield units, automatically or semi-automatically, and their volume was calculated from the number of voxels. The tongue was carefully outlined, and the inside of the tongue was smeared on each of the axial, frontal, and sagittal planes with a semi-automatic segmentation tool. The tongue/mandible (T/M) ratio was calculated from the volume of the mandible and the tongue. In addition, we investigated simple correlations between our anatomical variables and BMI, age, and AHI. Results. In this study, the mean tongue and mandible volume were 79.00 Ϯ 1.06 cm 3 and 87.80 Ϯ 1.21 cm 3 , respectively. As BMI increases, tongue volume increases (P ϭ .004) and airway volume decreases (P ϭ .021). However, no significant correlation was found between severity of OSA (AHI) and other variables. On the other hand, there was a negative correlation between airway volume and T/M ratio (P ϭ .046). Conclusion. As tongue volume increases with BMI, the posterior airway is affected, and thus is likely to be involved in the development of OSA; however, in this study there was no correlation between the severity of sleep apnea (AHI) and other variables in the study. 
The primary risk factors for obstructive sleep apnea (OSA) are either obesity or having an abnormal upperairway anatomy. The craniofacial morphologies determined by cephalometric analyses are reported to be strongly associated with the development of OSA. In previous studies, the soft and hard tissue structures were analyzed with cephalometric images. [1] [2] [3] [4] The relationship between soft tissue variables and the Apnea Hypoapnea Index (AHI) has also been investigated. In 1999, Sakakibara et al. 1 carried out cephalometric analysis in 144 patients with OSA and 37 healthy controls. They reported that the nonobese patients with OSA showed enlarged tongue and inferior shift of the tongue volume, compared with their body mass index (BMI)-matched healthy controls. In 2003, Yu et al. 4 reported that obese patients with OSA had a longer tongue than did simple snorers and nonobese patients with OSA, and the AHI showed a significant positive correlation with tongue length in the nonobese subgroup.
However, these early reports were limited to the analyses of data obtained from the sagittal view. Recent studies have demonstrated that 3- Schwab et al. 5 analyzed the upper airway soft tissue structures 3-dimensionally with an advanced analysis technique via MR imaging. They concluded that the volume of the tongue and lateral walls was shown to independently increase the risk of sleep apnea. On the other hand, Okubo et al. 6 carried out a study similar to Schwab et al. 5 and reported that the tongue volume was not significantly different between patients with OSA and controls, and the tongue volume did not correlate with BMI or AHI. In 2005, Ogawa et al. 7 presented new techniques to quantitatively analyze the upper airway with CBCT images using commercial software (Amira 3.1; TGS, Berlin, Germany). In 2008, Osorio et al. 8 described the potential of CBCT methods to help prepare for airway management. In 2009, Grauer et al. 9 studied the relationship between airway volume and shape and facial morphology with CBCT.
The tongue is surrounded by the mandible and the airway. An enlarged tongue inside a small mandible might move posteriorly and produce a decreased airway. The relation between the airway and the size ratio of tongue and mandible (T/M ratio) has yet to be reported. In this study, the correlation of T/M volume ratio and airway volume was investigated with a 3D reconstructed model from CT data.
MATERIAL AND METHODS

Subjects
The subjects were 40 male patients who were diagnosed with OSA or, based on polysomnography, as a heavy snorer. The subjects were recruited from May 2006 to February 2009. The age of patients ranged from 25 to 77 years with an average age of 52.6 Ϯ 12.5 years. The BMI of patients ranged from 20.1 to 35.8 kg/m 2 with an average BMI of 25.4 Ϯ 3.4 kg/m 2 . All patients had a full-night polysomnography. The mean AHI for our subjects was 23.6 Ϯ 18.3 events per hour.
Device and software
The spiral CT imaging of the airway was performed using a Radix Prima (Hitachi, Medical Co., Tokyo, Japan). The parameters used for the imaging were tube voltage ϭ 120 kV; tube current ϭ 75 mA; irradiation time ϭ 1 second; scan ϭ volume scan; slice thickness ϭ 1 mm; table speed ϭ 1 mm/s. From the resulting data, the tongue, mandible, and airway volume were extracted using image analysis software Amira 3.1 (Mercury Computer Systems/3D viz group, San Diego, CA) to reconstruct 3D images and to measure the volumes. Segmentation was performed semiautomatically based on Hounsfield units (details are provided in next section).
Investigation points
CT imaging examinations were carried out in each awake patient in the supine position before making an occlusal appliance. CT was taken in the intercuspal position, and the patient was asked to place the tip of the tongue on the lingual surface of the upper incisors to standardize tongue positioning. The points of inquiry were the volume of the airway, the mandible, and the tongue ( Figs. 1 and 2 ). First, we selected the airway volume of interest from the posterior nasal spine to the tip of epiglottis. Airway volume within this slab was calculated from the number of voxels that had a CT value range from a minimum value (CT value -2000 HU) to -100 HU (to exclude soft and hard tissues). The mandible volume was not restricted to the slab and was calculated from the number of voxels that had a CT value range from 200 HU (to exclude soft tissues) to a maximum value (CT value 4000 HU). Mandible and airway were segmented based on the Hounsfield units mentioned previously with an automatic segmentation tool (thresholding). On the other hand, the automatic segmentation of the tongue was difficult, because the tongue contacted with the suprahyoid muscles and the soft palate, which have Hounsfield units similar to the tongue. Therefore, a semiautomatic segmentation tool (auto-tracing) was used for segmentation of the tongue. This tool can detect subtle changes in image intensity, so it can detect the border between tongue and surrounding muscles. The tongue and other muscles were manually separated with this tool. The inside of the tongue was smeared on each of the axial, frontal, and sagittal planes with a semiautomatic segmentation tool (auto-trace) and the tongue volume was calculated. The metal artifacts were observed on axial, sagittal, and coronal slabs, and carefully removed manually by 1 
Statistical analysis
Statistical analysis was carried out with SPSS 12.0 J (SPSS Japan, Inc, Tokyo, Japan) with a significance level set at P less than .05. All our variables passed the formal normality test of Kolmogorov-Smirnov (P Ͼ .05) except BMI. Therefore, we used Pearson's test to conduct simple correlations between our anatomical variables and age and AHI, and we used Spearman's test to examine the correlations with BMI.
RESULTS
Table I Presents descriptive statistics for our variables. Table II presents simple correlations between our variables. There was a significant negative correlation between BMI and airway volume (P ϭ .021). There was a significant positive correlation between BMI and tongue volume (P ϭ .004). There were no significant correlations between AHI and other variables. Airway volume did not significantly correlate with mandible volume or tongue volume. On the other hand, there was a negative correlation between airway volume and T/M ratio (P ϭ .046).
DISCUSSION
In this study with 40 male patients with OSA, the mean tongue volume was 79.00 Ϯ 1.06 cm 3 . In 2006,
Okubo et al. 6 measured the volume of airway soft tissues from MR images in 51 Japanese males (31 patients with OSA and 20 healthy control subjects), and reported that the mean tongue volume was 78.1 Ϯ 11.9 cm 3 in patients with OSA, and 77.1 Ϯ 11.6 cm 3 in control subjects. Our results are very similar to theirs. Therefore, in Japanese males, the mean tongue volume can be considered to be about 77 to 79 cm 3 . Welch et al. 10 measured the volume of the upper airway and surrounding soft tissue structures from MR images. Each anatomical parameter was examined before and after weight loss. They reported that the upper airway volume increased after weight loss, and the increase of airway volume was mediated by reductions in the volume of the lateral pharyngeal wall and parapharyngeal fat pads. This result agrees with our data. We found a significant negative correlation between BMI and airway volume (P ϭ .021). However, in Welch et al.'s study, 10 the volume of the tongue and 11 investigated the effect of obesity on upper airway soft tissue structures in the New Zealand obese mouse and in the control lean mouse. They reported that in obese mice the airway caliber was significantly smaller with greater parapharyngeal fat pad volumes and a greater volume of other upper airway soft tissue structures (tongue, lateral pharyngeal walls, soft palate) than in the lean controls. They concluded that in addition to the increased volume of pharyngeal soft tissue structures, direct fat deposits within the tongue may contribute to airway compromise in the obese. Our results agree with their findings. We also found a significant positive correlation between BMI and tongue volume (P ϭ .004).
In 2006, Iida et al. 12 compared the tongue volume/ oral cavity volume (TV/OCV) ratio between 20 male patients with OSA and 20 normal male adults. They described that BMI was significantly correlated with tongue volume in the OSA patient group, which is consistent with our results. Iida et al. 12 reported that patients with OSA had a larger TV/OCV ratio than controls, and AHI did not correlate with tongue volume or TV/OCV ratio. In addition they concluded that the TV/OCV ratio is likely to be involved in the development of OSA and can be used as a diagnostic tool, even if AHI was not correlated with TV/OCV. Although this study is similar to theirs, it differs in how we limited OCV to tongue volume and airway volume. Because of this distinction we were able to investigate the relation between airway volume and other variables, whereas the inclusion of the airway in OCV in Iida et al.'s study 12 did not allow for this particular course of investigation. However, our study is limited to the airway, tongue, and mandible. In this study, the airway was negatively influenced by the T/M ratio (P ϭ .046). Although the tongue volume increased with BMI, the mandible volume did not. Consequently, the mandible is less able to properly accommodate the increased tongue volume. As a result, the enlarged tongue moves posteriorly, decreasing the airway volume. As tongue volume increases with BMI, the airway volume decreases and thus is likely to be involved in the development of OSA, however it did not affect the severity of sleep apnea (AHI) in this sample.
Limitations of this study include the absence of controls, as it is difficult to get healthy subjects to consent to undertake a sleep study and a CT scan. The fact that metal artifacts might interfere with segmentation and volume computation is an inherent limitation of using CT. The metal artifacts were observed on axial, sagittal, and coronal images, and carefully removed manually by 1 operator (Y.S.). This is a standard procedure for dealing with artifacts. Also, the fact that the subjects are awake might influence their tongue position and possibly volume of the tongue. Our reasoning to examine tongue volume using CT taken on awake subjects is that we were exploring if CT can be used as a predictor or screening tool for OSA. CTs are taken for many reasons but they are almost universally performed on awake subjects. CTs on sleeping subjects are not the norm in a clinical setting. Millions of patients a year receive a CT scan for dental implants, trauma, tumors, and cancer and we would like to use that opportunity to screen for sleep apnea.
CONCLUSIONS
In this study, we investigated the influence of T/M ratio on airway volume using 3D reconstructed models from CT data. There was a significant positive correlation between BMI and tongue volume, and a significant negative correlation between BMI and airway volume. There was a negative correlation between airway volume and T/M ratio. As tongue volume increases with BMI, the T/M ratio is affected, and thus is likely to be involved in the development of OSA; however, in this study, there was no correlation between the severity of sleep apnea (AHI) and T/M ratio.
